Introduction
One of the most interesting, but less exploited features of AFM is its capability of locally modifying the morphology of a surface and tracking its variations before, after, and during the modification process. For instance, periodic ripple patterns can be formed on polymers [1, 2] , metals [3] , ionic crystals [3] and semiconductors [4] if the probing tip of an AFM repeatedly scans back and forth on these surfaces with a normal pressure exceeding the yield strength of the material. Polymers can also be patterned with a single scan line when the temperature of the contact region exceeds the glass transition temperature of the sample [5] .
In most experimental investigations, the scan path of the probing tip is the same as the one usually adopted for imaging the sample surface, i.e. zigzag or raster scanning on a square area. However, while the scanning pattern does not play an important role for imaging, the situation is very different when the surface is worn out by the tip. In a recent study, we have indeed observed 'traveling' ripples when a circular track is continuously scanned [6] . In that case one can measure the 'group velocity' of the ripples and relate it to the wear rate of the material. In the present Letter we focus on a different shape, i.e. an Archimedean spiral, and take advantage of its geometric properties to study the abrasive response of polymers at temperatures elevated locally at the tip-sample interface. In this way, a single AFM image acquired after scratching the polymer surface can provide important information for a quantitative characterization of the velocity dependence in nano-wear processes with applications in NEMS, MEMS as well as polymer coatings.
Experimental
The polymers used in this study are PMMA and PS polymers from American
Polymer Standards Corporation, with weight average molar mass M w,PS = 215.7 kg mol −1 and M w,PMMA = 120 kg mol −1 , and polymer polydispersity 1.1. The PMMA film was produced by spin coating 2.5 % wt polymer solution in chloroform on soda lime fine polished glass substrate from Fisher Scientific. The PS film was produced by spin coating 2.5 % wt polymer solution in toluene on same type of glass substrate as the PMMA. In both cases spin coating was done at 500 rpm for 10 s and 2000 rpm for remaining 50 s. HPLC-grade toluene and HPLC-grade chloroform from SigmaAldrich were used. Furthermore, the PMMA sample was annealed 15.5 h at 55
• C followed by 1 h at 90
• C and the PS sample was annealed 14 h at 85
• C followed by 2.5 h at 120
• C. The usage of 120 • C (above T g ) was dictated by the observation that after 14 h at 85
• C the samples still showed some local pits, so the temperature was ramped up to make the surface smooth. The resulting PMMA film thickness of 240 ± 60 nm was determined by a scratch test with AFM.
For producing spirals at various tip-sample temperatures we used cantilevers with integrated heaters [7, 8] , which were mounted in a di-CP-II AFM system equipped with a module to read their temperature [6, 9] . The tip temperature calibration was based on acquiring indentation profiles on two polymer samples with known softening temperatures [8] [9] [10] . The elastic spring constants of thermal levers are typically between 0.6-0.7 N/m and are obtained using the thermal noise method on our other custom-made AFM system [11] . From the SEM images, see Supplementary Materials, the radius of curvature of the tip apex in the transverse direction (R x = 120 ± 10 nm) is significantly smaller than its longitudinal radius (R y = 170 ± 10 nm). The constant, it is easy to see that the linear velocity v of the probing tip grows with r as v = α 2 + (ωr) 2 . This dependence becomes almost linear, and the velocity almost tangential, when r α/ω, which is the case for all spiral windings in our experiment, except the very first one.
Results and Discussion
Fig. 1(a) shows a representative AFM topograph of a spiral generated on the PS sample at 206
• C on the cantilever, which corresponds to 97±12
• C on the tip-sample interface (see Supplementary Information for details on temperature calibration). A cross section profile is shown in Fig. 1(b) . We note that in the first windings the material pushed aside of the groove partially overlaps, whereas this is not the case after the eighth revolution of the tip around the spiral center. In any case, the amplitude of the indentation profile dramatically decreases with the scan speed. Intuitively, this can be understood as follows. The longer the tip keeps indenting a given spot on the surface, the more damage is caused, so that the amplitude is expected to decay with v. To explore this assumption we have plotted the corrugation as a function of the scan velocity (Fig. 2) .
In a previous AFM analysis on abrasive nanowear of alkali halides [12] we found that the wear rate decreases exponentially with the 'time of residence' spent by the tip at a given location on the surface. A similar assumption was proposed by Mulhearn and Samuels to interpret the abrasion of steel sliding against silicon carbide paper [13] . Since in the present case the time of residence is inversely proportional to the scan velocity, we have thus fitted the data points in Fig. 2 with the following function:
As shown by the continuous curve in Fig. 2 , an excellent agreement is found when h 0 = 209 ± 10 nm and v 0 = 6.0 ± 0.4 µm/s. In equation (1) the parameter h 0 corresponds to the indentation depth of the sample at a given load, when the tip is not driven along the surface, whereas the parameter v 0 quantifies how fast the wear damage decays with the linear speed.
This analysis is extended to other spirals obtained in the PMMA and PS samples at different conditions. In particular, we have explored the range of temperatures around the glass transition, which occurs at 95 ± 5
• C and 105 ± 5
• C for the PS and PMMA samples respectively. The limit value h 0 was always in the range of 100 nm, i.e. comparable to the obtained corrugations, whereas the 'decay velocity' v 0 remained in the order of 10 µm/s in the series of measurements that we performed.
However, the values of both quantities exhibit significant scattering. This is not surprising, since the roughening rate of polymers on the nanoscale has been reported to peak up and scatter in the region of T g [14] . Even more scattered are the values for the 'decay velocity' v 0 , which was found to vary between 0.6 and 7 µm/s in the series of measurements that we performed.
Two extreme cases, corresponding to v 0 = 5 ± 1 µm/s and 0.6 ± 0.2 µm/s respectively, are showed in Fig. 3(a) and (b). The spiral in Fig. 3(a) was obtained on PMMA at 97 ± 12 • C. In this case the corrugation did not decrease significantly after the first windings, as if the material opposed almost no resistance to ploughing. This is not the case for the spiral in Fig. 3(b) , the amplitude of which quickly decayed after only two revolutions. However, this spiral was produced at lower temperature of 89 ± 12
• C at the tip-sample interface, which is below the glass transition of PMMA.
We should also note that the indentation patterns along each winding are not varying uniformly, but undulate, which is presumably related to the elongated shape of the tip apex. On the other side, since the different spring constants of the cantilever in the x and y direction do not influence the contact stiffness responsible for friction (and wear) on the sample surface [15] , the torsional and bending deformations of the cantilever seem not to have a major influence on the spiral patterning.
In order to interpret our results we first notice that stationary heat flow below by the cantilever reaches a critical value and the tip suddenly jumps in a stick-slip fashion [19] .
Interestingly, using our data, we can calculate and comment on the viscous matter flow. From Figure 1 , near the center of the spiral at r 2 µm, the values of h 100 nm, a 140 nm, v tip 6 µ/s, and τ 50 ms. Here, r is the distance measured from the center of a spiral and the value of τ was calculated by dividing twice the contact radius a by the tip velocity v tip . At the outer limit of the spiral for r derived from our experiment and the thermal simulation. In order to explain this discrepancy we have to take into account that the polymer viscosity becomes highly non-Newtonian at strain rates of 10thinning [20] . To the best of our knowledge measurements of the non-Newtonian viscosity and shear thinning of polymers at temperatures T T g and high strain rates have not been undertaken so far. It should be noted that a similar discrepancy was observed in the IBM Millipede project for data storage in polymer materials by heated tips [21] . A significant contribution coming from plastic deformation of the non-melted part of the polymer should also be taken into account in a more accurate modeling of the wear process.
Finally, we have also observed the formation of ripples inside all spiral tracks, resulting from the stick-slip mechanism mentioned above [19] . An example is given in Fig. 4 , showing the surface profile in the bottom of a spiral. The ripples are radially aligned, which means that their periodicity is proportional to the radial distance r as well as to the scan velocity v. The ripple wavelengths are comparable to our earlier results of ripples produced in circular scanning in the vicinity of the glass transition temperature on PMMA [6] at corresponding velocities. Although the ripples are seen along the whole spiral, they are more pronounced in two quadrants.
This is related to the asymmetry of the indentation patterns previously discussed and asymmetric tip profile of a thermal cantilever. Namely, more elongated ripples appear along longitudinal scanning direction, which correlates with a larger longitudinal than transverse curvature radius of the thermal tip.
Conclusions
In conclusion, we have introduced a simple method to characterize the velocity dependence of the wear rate on polymer surfaces. The surface is first scanned by contact AFM adopting a spiral pattern, the damaged area is then rescanned using a 'standard' raster pattern and the surface corrugation is finally extracted using azimuthal profiles along the spiral and fitted with an exponential decay law. This method can be extended to other materials, provided that they are brittle enough to be damaged within a single scan. We have also showed that quantitative information for modeling abrasive wear on the nanoscale can be obtained from this kind of measurements.
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